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16.  Abstract 

This  progress  report  summarizes  the  activities  that  have  been  performed  under  the  sponsorship  of  the  Federal  Aviation 
Administration  (FAA)  under  contract  no.  DEPT/95-G-012-0001  from  May  1, 1996  to  June  1, 1997.  This  program  is  considered  to 
be  a  part  of  a  special  joint  project  between  the  FAA  and  the  Boeing  Company  on  the  design  of  composite  bolted  joints.  The  major 
effort  of  the  joint  project  is  to  develop  the  most  advanced  computer  code  for  the  analysis  and  design  of  bolted  composite  joints  for 
the  Boeing  Company  and  the  FAA.  The  major  focus  of  the  FAA  program  is  on  net-tension  failure  of  composites  containing  a 
circular  cutout  with  or  without  a  mechanically  tightened  bolt,  while  the  Boeing  program  focuses  on  the  bearing  damage  of  bolted 
joints  in  both  double  and  single  lap  joints.  This  report  describes  the  activities  under  FAA  funding.  Both  experimental  and 
analytical  work  have  been  conducted. 
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EXECUTIVE  SUMMARY 


This  progress  report  summarizes  the  activities  that  have  been  performed  under  the  sponsorship 
of  the  Federal  Aviation  Administration  (FAA)  under  Contract  No.  DEPT/95-G-012-0001  from 
May  1,  1996  to  June  1,  1997.  This  program  is  considered  to  be  a  part  of  a  special  joint  project 
between  the  FAA  and  the  Boeing  Company  on  the  Design  of  Composite  Bolted  Joints.  The 
major  effort  of  the  joint  project  is  to  develop  the  most  advanced  computer  code  for  the  analysis 
and  design  of  bolted  composite  joints  for  the  Boeing  Company  and  the  FAA. 

The  major  focus  of  the  FAA  program  is  on  net-tension  failure  of  composites  containing  a  circular 
cutout  with  or  without  a  mechanically  tightened  bolt,  while  the  Boeing  program  focuses  on  the 
bearing  damage  of  bolted  joints  in  both  double  and  single  lap  joints.  This  report  describes  the 
activities  under  FAA  funding.  This  report  will  summarize  both  the  experimental  and  the 
analytical  results  of  the  study. 
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INTRODUCTION 


Joining  by  mechanical  fasteners  is  one  of  the  common  practices  in  the  assembly  of  structural 
components.  Since  the  failure  of  the  joints  can  lead  to  the  catastrophic  failure  of  the  structures, 
an  accurate  design  methodology  is  essential  for  an  adequate  design  of  the  joints.  Because  of  the 
complex  failure  modes  of  composite  materials,  the  mechanical  joining  of  structures  made  of 
composite  materials  demands  much  more  rigorous  design  knowledge  and  techniques  than  those 
currently  available  to  the  traditional  methodology  for  metallic  joints. 


There  are  three  basic  failure  modes  in  composite  joints:  net-tension,  shear-out,  and  bearing.  Net- 
tension  failure  is  associated  with  matrix  and  fiber  tension  failures  due  to  stress  concentrations. 
Shear-out  and  bearing  failures  result  primarily  from  the  shear  and  compression  failures  of  fiber 
and  matrix. 

Both  open-  and  filled-hole  tension  tests  have  been  widely  used  in  the  industry  as  a  means  for 
characterization  of  the  tensile  strength  of  bolted  joints.  However,  it  has  been  shown  that  the 
filled-hole  tensile  strength  can  be  quite  different  from  the  open-hole  tensile  strength  and  can  be 
sensitive  to  those  factors  such  as  ply  orientation,  lateral  constraints,  and  washer  sizes. 
Unfortunately,  there  is  still  a  lack  of  fundamental  understanding  of  the  causes  of  the  difference 
between  the  filled-  and  open-hole  strengths  and  the  variations  due  to  these  factors.  Most  of  the 
previous  studies  have  been  focused  on  open-hole  strength  or  the  strength  of  pin-loaded  joints  [1- 
15].  There  are  limited  studies,  mostly  experiments,  concerning  the  clamp-up  effect  [16-23]. 

Accordingly,  a  significant  amount  of  test  data  may  be  needed  in  order  to  characterize  the  tensile 
strength  of  bolted  joints.  Furthermore,  inadequate  data  may  lead  to  a  design  that  is  either  too 
conservative  or  unsafe.  Therefore,  the  objective  of  the  investigation  is  to  study  the  strength  and 
failure  of  both  open- and  filled-hole  composite  laminates.  This  study  is  part  of  a  joint  program 
sponsored  by  both  the  FAA  and  Boeing  at  Stanford  University  to  develop  a  computer  code  for 
the  analysis  and  design  of  bolted  composite  joints.  A  schematic  description  of  the  joint  program 
is  illustrated  in  figure  1 . 


PROBLEM  STATEMENT 

Consider  laminated  composites  with  a  circular  hole.  The  ply  orientations  of  the  laminates  can  be 
arbitrary  but  must  be  symmetric.  Three  types  of  loading  configurations  were  considered  in  the 
study: 

1.  Open-Hole  Tension:  The  laminates  were  subjected  to  uniaxial  tension.  No  constraint 
was  imposed  on  the  hole. 

2.  Filled-Hole  Tension:  The  laminates  were  subjected  to  uniaxial  tension.  A  bolt  was 
inserted  inside  the  hole  of  the  laminates  with  and  without  a  clamp-up  load.  A  washer  was 
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inserted  between  a  bolt  head  and  tail  and  the  composite  laminate  to  distribute  the  clamp- 
up  load. 

3.  Bolted  Joint:  Doublelapbolted  joints  were  subjected  to  a  uniaxial  load.  Clamp-upload 
was  considered.  Failure  of  the  joint  must  be  in  a  net-tension  mode. 

EXPERIMENTS 

More  than  three  hundred  specimens  were  tested.  T800/3900-2  graphite/epoxy  prepregs  were 
selected  for  the  study.  The  same  material  is  currently  used  in  the  design  of  the  Boeing  777 
airplane.  Various  geometries,  loading  conditions,  and  ply  orientations  were  considered  as  shown 
in  appendix  A.  All  the  tests  followed  the  ASTM  standards  and  procedures.  All  the  specimens 
were  X-rayed  before  and  after  tests  to  assess  the  internal  damage  that  may  have  been  introduced 
during  the  manufacturing  or  processing  or  generated  as  a  result  of  mechanical  loading.  Specimens 
which  contained  manufacturing  defects  were  discarded. 

OPEN-  AND  FILLED-HOLE  TENSION  TESTS. 

The  geometries  and  test  configurations  of  the  open-  and  filled-hole  tension  tests  are  schematically 
described  in  figure  2.  For  the  filled-hole  test,  a  load  cell  was  mounted  on  the  bolt  to  monitor  the 
clamp-up  load.  The  load  cell  consists  of  a  hollow  cylinder  made  of  stainless  steel  and  two  strain 
gauges  which  were  mounted  on  two  sides  of  the  cylinder  where  the  surfaces  were  flattened.  The 
load  cell  was  calibrated  to  establish  the  relationship  between  the  applied  load  and  the  strain 
measurements. 

Before  the  filled-hole  tests,  the  amount  of  clamping  force  applied  to  the  bolt  was  determined  by 
comparing  the  strain  measurements  with  the  calibration  curve.  During  the  test,  the  clamping 
force  was  monitored  continuously  from  recorded  strain  measurements.  For  the  filled-hole  tests, 
besides  ply  orientation  and  geometry,  the  following  three  design  variables  were  also  considered  in 
the  test  matrix:  clamping  force  (clamp-up  load),  washer  size,  and  friction. 

BOLTED-JOINT  TESTS. 

Tests  were  also  conducted  to  evaluate  the  strength  of  bolted  composite  joints  in  a  net-tension 
failure  mode.  A  schematic  description  of  the  specimen  and  fixture  geometry  is  shown  in  figure  3. 
Again,  the  load  cell  was  used  to  measure  the  clamping  load. 

OPEN-  AND  FILLED-HOLE  TENSION  TEST  RESULTS 

Based  on  the  experiments,  the  results  of  the  tests  were  summarized  in  four  categories  that 
interrogate  the  effect  of  ply  orientation,  clamp-up  load,  washer  size,  and  friction. 
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PLY  ORIENTATION  EFFECT. 


The  strengths  of  the  filled-hole  specimens  for  various  ply  orientations  'were  compared  with  those 
of  the  open-hole  specimens.  For  this  series  of  tests  the  clamp-up  load  was  1500  Ibf  Figure  4 
shows  the  reduction  of  the  filled-hole  strength  as  compared  to  the  open-hole  strength  for  nine 
different  ply  orientations. 

Clearly,  the  presence  of  a  bolt  with  a  clamp-up  load  of  1500  Ibf  can  affect  the  notch  strength  of 
laminates  containing  a  circular  hole.  For  A,  B,  C,  and  D  laminates  of  figure  4  (Group  1),  no 
strength  reduction  was  found  for  filled-hole  specimens  as  compared  to  open-hole  specimens. 
However,  for  laminates  E,  F,  G,  H,  and  I  (Group  2),  the  notch  strengths  of  filled-hole  laminates 
were  lower  than  those  of  the  open-hole  laminates. 

By  examiningthe  radiographs  of  tested  specimens,  it  was  found  that  the  failure  patterns  of 
specimens  within  each  group  were  quite  similar  but  were  significantly  different  between  the  two 
groups.  In  Group  1  laminate  D,  as  shown  in  figure  5  for  two  specimens,  damage  was  mostly 
confined  near  the  stress  concentration  areas  and  propagated  from  the  hole  region  toward  the  free 
edges  as  a  function  of  the  applied  load.  The  damage  consisted  mostly  of  matrix  cracking  and  fiber 
breakage. 

However,  for  Group  2,  damage  was  widespread  in  laminates  G  and  I  as  shown  in  figures  6  and  7 
(three  different  specimens)  due  to  two  additional  damage  modes,  delamination  and  fiber-matrix 
splitting,  which  were  not  evident  in  Group  1.  A  schematic  description  of  the  damage  pattern  for 
each  laminate  group  is  shown  in  figure  8.  For  Group  1,  damage  is  localized  to  the  stress 
concentration  areas  before  final  failure.  For  Group  2,  edge  delamination  occurred  in  both  open- 
and  filled-hole  specimens  at  an  early  loading  stage.  The  edge  delamination  grew  across  the  width 
of  the  open-hole  specimens.  In  addition,  a  fiber-matrix  splitting  mode  occurred  along  the  zero 
degree  plies  (in  the  direction  of  the  applied  load)  in  Group  2  laminates  upon  loading. 

For  those  laminates  which  were  not  prone  to  damage  (Group  1),  the  reduction  of  the  notch 
strength  due  to  the  insertion  of  a  tightened  bolt  into  an  open  hole  appeared  to  be  negligible. 
However,  those  laminates  which  were  prone  to  damage  (Group  2)  contained  a  high  percentage  of 
zero  degree  plies.  In  Group  2,  the  reduction  of  the  notch  strength  resulting  from  a  filled  hole  with 
a  tightened  bolt  could  be  significant  as  shown  in  figure  9.  The  plotted  data  is  an  average  of  at 
least  three  tests.  Apparently,  the  reduction  of  notch  strength  in  Group  2  laminates  can  be 
attributed  to  either  fiber-matrix  splitting  or  delamination  or  both. 

CLAMP-UP  EFFECT.  . 

To  further  understand  the  clamp-up  effect  on  the  notch  strength  reduction,  laminates  that  are 
prone  to  delamination  or  fiber-matrix  splitting  were  selected  for  evaluation.  Besides  Group  2 
laminates,  four  additional  laminates  were  selected  ([Os],  [Os],  [90/08/90]  and  [90/06/90]).  All  the 
additional  specimens  are  prone  to  fiber-matrix  splitting  under  tension  but  only  the  0/90  laminates 
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are  prone  to  delamination.  Tests  were  performed  at  various  levels  of  clamp-up  load  on  filled-hole 
specimens.  Figure  10  shows  the  effect  of  clamping  pressure  on  the  strength  of  filled-hole 
laminates  for  three  different  washer  sizes.  The  clamping  pressure  is  defined  as  the  clamping  load 
divided  by  the  washer  area.  For  the  three  different  washer  sizes  used,  the  data  clearly  indicate 
that  the  higher  the  clamping  pressure,  the  lower  the  net-tension  strength  of  the  laminates 
considered. 

The  strength  reduction  of  the  additional  specimens  compared  to  the  open-hole  strength  is  as 
much  as  15%.  It  is  noted  that  [Os]  and  [Oe]  laminates  do  not  produce  delamination,  but  they 
exhibited  the  same  trend  as  the  [90/08/90]  and  [90/06/90]  laminates.  Furthermore,  although 
[90/08/90]  and  [90/06/90]  laminates  delaminated  between  the  surface  90-degree  ply  and  the 
adjacent  0-degree  plies,  significant  fiber-matrix  splitting  along  the  0-degree  plies  initiated  from  the 
edge  of  the  hole  could  also  be  seen  in  radiographs  in  figure  1 1 . 

Since  the  0-degree  plies  in  the  [90/08/90]  and  [90/06/90]  laminates  are  the  primary  load-carrying 
plies  and  not  the  two  surface  90-degree  plies,  the  strength  reduction  due  to  the  clamp-up  load  can 
be  attributed  primarily  to  the  stress  redistribution  in  the  0-degree  plies  near  the  hole,  resulting 
from  fiber-matrix  splitting.  It  can  be  concluded  from  the  experiments  that  the  delamination  effect 
on  the  strength  reduction  is  negligible  for  [90/08/90]  and  [90/06/90]  as  well  as  similar  laminates. 

Figure  12  shows  the  clamping  effect  on  the  notch  strength  of  the  laminates  which  are  prone  to 
delamination  and  fiber-matrix  splitting.  Again,  a  higher  clamping  force  resulted  in  a  lower  tensile 
strength.  The  strength  reduction  trend  was  quite  similar  to  that  of  [90/08/90]  and  [90/06/90] 
laminates.  Figure  13  shows  the  sequences  of  radiographs  of  two  specimens  near  the  final  failure 
at  different  clamping  forces.  Clearly,  delamination  and  fiber-matrix  splitting  appeared  in  all  the 
laminates;  however,  the  extent  of  the  fiber-matrix  splitting  diminished  as  the  clamp-up  load 
increased. 

Based  on  the  above  results,  it  seems  to  indicate  that  fiber-matrix  splitting  plays  a  more  important 
role  for  strength  reduction  in  filled-hole  laminates  than  delaminations.  Fiber-matrix  splitting 
apparently  reduced  the  stress  concentrations  in  the  0-degree  plies  near  the  hole  and,  as  a 
consequence,  improved  the  notch  strength.  However,  with  added  clamping  load,  fiber-matrix 
splitting  was  suppressed  by  the  lateral  constraints.  This  led  to  higher  stress  concentrations  in 
the  0-degree  plies  and  resulted  in  lower  notch  strength. 

In  order  to  further  verify  the  above  observation  that  the  fiber-matrix  splitting  is  the  major  factor 
causing  the  strength  reduction  in  filled-hole  laminates,  special  tests  were  conducted  on  laminates 
with  implanted  delaminations.  A  1.5"  long,  1"  wide  (same  as  the  width  of  the  specimen)  Teflon 
film  was  embedded  at  the  middle  plane  of  the  laminates  of  [(0/45/90/-45)2/Teflon]s  and  [(45/0/0/- 
45/0/0/90/0/0/90)/Teflon]s.  The  former  laminate  represents  a  nondelamination  prone  lay-up 
while  the  latter  is  delamination  prone.  Both  open-  and  filled-hole  tensile  tests  were  performed  on 
those  laminates  with  the  implanted  delamination.  The  results  of  the  study  are  presented  in 
figure  14  which  showed  that  both  open-  and  filled-hole  strengths  for  those  laminates  were 


4 


practically  unaffected  by  the  presence  of  the  implanted  delamination.  If  delamination  failure  is 
essential  for  improving  filled-hole  strength,  the  pre-implanted  delamination  would  have  improved 
the  filled-hole  strengths.  Accordingly,  it  is  believed  that  fiber-matrix  splitting  is  essential  for 
leading  to  the  reduction  of  the  tensile  strength  of  filled-hole  laminates.  The  delamination  effect  is 
secondary,  compared  to  fiber-matrix  splitting.  The  second  conclusion  is  somewhat  tentative  as 
the  Teflon  was  placed  in  only  one  interface  and  not  necessarily  the  most  critical. 

WASHER  SIZE  EFFECT. 

The  effect  of  washer  size  on  the  filled-hole  tensile  strength  is  shown  in  figures  15-17.  For  a  fixed 
clamping  load,  the  test  results  showed  that  the  filled-hole  strength  was  less  with  a  smaller 
washer.  When  the  washer-hole-diameter  ratio  was  equal  to  two  (Dw/D=2),  clamp-up  could  result 
in  as  much  as  a  20%  reduction  in  the  tensile  strength  of  filled-hole  laminates.  Because  the 
clamping  pressure  is  inversely  proportional  to  the  square  of  the  diameter  for  a  given  clamp-up 
load,  a  smaller  washer  results  in  higher  clamping  pressure.  According  to  these  results,  the  smaller 
washer  would  produce  higher  clamping  pressure,  leading  to  a  higher  reduction  in  the  tensile 
strength  of  filled-hole  laminates. 

Figure  18  shows  the  effect  of  washer  size  on  the  notch  strength  based  on  different  constant 
clamping  pressures.  Clearly,  the  data  showed  that  the  larger  the  washer,  the  higher  the  reduction 
of  tensile  strength  at  a  constant  clamping  pressure  for  various  clamping  pressures. 

FRICTION  EFFECT. 

Friction  between  the  washer  and  the  composite  laminate  was  also  measured.  Washers  made  of 
composite  material  and  stainless  steel  were  used.  Special  specimens  were  designed  to  measure 
the  friction  coefficient  between  the  washer  and  the  composite  laminate.  Figure  19  illustrates  the 
test  setup  for  measurement  of  the  friction  coefficient.  The  measured  friction  coefficient  between 
the  composite  plate  and  the  stainless  steel  washer  was  about  0.1  and  0.36  for  a  composite  plate 
and  a  composite  washer. 

Tests  on  the  tensile  strength  of  both  open-  and  filled-hole  laminates  were  conducted  with  both 
steel  and  composite  washers.  The  results  of  the  tests  for  three  lay-ups  are  presented  in  figures 
20  and  21.  Friction  coefficients  within  the  range  of  the  study  (0.1-0.36)  did  not  affect  the  notch 
strength  of  either  the  open-hole  or  filled-hole  laminates.  However,  the  laminates  used  for  this 
study  were  not  delamination  prone  and  the  conclusions  are  only  tentative. 

BOLTED- JOINT  TEST  RESULTS 

The  results  of  bolted  composite  joint  tests  are  presented  in  this  section.  The  [±45/0/0/- 
45/0/90/0/90]s  laminate,  which  is  prone  to  fiber-matrix  splitting  and  delamination,  was  selected 
for  the  test.  Specimens  with  width-to-diameter  ratios  of  2.5  and  3  were  prepared  to  ensure  a  net- 
tension  failure  in  the  bolted  joint  test.  The  configuration  of  the  test  is  shown  in  figure  3.  The 
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load-deflection  curves  were  recorded  for  every  specimen.  Radiographs  were  also  taken  for  every 
specimen  before  and  after  the  tests.  Three  different  washer  sizes  were  used  to  transmit  the 
clamp-up  force  to  the  laminate. 

Figure  22  shows  the  typical  load-deflection  curves  of  the  bolted  joints  for  the  two  different 
width-to-diameter  ratios.  For  W/D=2.5,  the  joint  response  was  nearly  linear  with  respect  to  the 
applied  load,  up  to  the  final  failure.  However,  for  W/D=3,  the  deflection  curve  showed  some 
degree  of  nonlinearity.  Because  of  the  nonlinearity,  the  joint  elongation,  which  is  due  to  bearing 
damage  may  exceed  the  4%  of  hole  diameter  limit  which  is  commonly  used  in  the  industry  to 
determine  the  joint  allowable  as  shown  in  figure  22.  For  pin  joined  specimens  it  was  impossible 
to  force  a  net-tension  failure  even  for  such  small  edge  distances. 

Accordingly,  in  this  study,  the  joint  strength  is  defined  as  either  the  absolute  maximum  load 
(Fmax)  or  the  4%  load  limit  (F4%),  whichever  occurs  first  (see  figure  23).  Fmax  could  be  either  a 
bearing  or  net-tension  failure  while  F4%  is  always  a  bearing  failure.  Figures  24  and  25  show  the 
joint  strength  distributions  compared  to  the  pin-joint  strength  as  a  function  of  washer  size. 
Clearly,  the  bolt  joint  strength  increased  significantly  with  the  support  of  washers.  The  effect  of 
the  washers  and  the  clamp-up  are  such  that  they  are  sufficient  to  prevent  bearing  failure  and  shift 
the  failure  to  net-tension  for  these  artificially  narrow  specimens.  For  the  Dw/D  ratios  tested 
(Dw/D  between  2  to  3),  the  washer  size  is  unimportant  particularly  for  the  narrowest  specimens 
(W/D  =  2.5),  figure 24.  For  wider  specimens  (W/D  =  3.0),  the  interpretation  on  the  effect  of 
washers  on  net  tension  strength  is  more  difficult  as  there  is  more  interaction  between  bearing 
displacement  and  damage,  see  figure  25.  This  is  reflected  by  the  nonlinear  behavior  of  the  load- 
displacement  curve  and  the  appearance  of  F4%  failure  points. 

Radiographs  of  the  failed  joint  specimens  as  shown  in  figure  26  revealed  that  although  both  filled- 
hole  and  bolted  laminates  failed  in  the  net-tension  mode,  the  bolted  joints  showed  significantly 
less  fiber-matrix  splitting  than  did  the  filled-hole  laminates.  In  addition,  some  bearing  damage  was 
also  visible  from  the  radiographs  in  the  bolted  joints.  It  is  believed  that  the  localized  bearing  load 
on  the  bolt  altered  the  stress  profile  around  the  hole  considerably  from  that  of  filled-hole 
laminates. 

It  was  shown  experimentally  that  the  tensile  behavior  of  filled-hole  laminates  differed  from  that 
of  bolted  joints  failed  in  the  net-tension  mode.  Although  both  filled-hole  laminates  and  bolted 
joints  failed  in  a  similar  mode,  bolted  joints  apparently  benefit  from  clamp-up  as  compared  to  a 
pin  joint  regardless  of  the  size  of  the  washer  (for  Dw/D  between  2  and  3)  and  clamping  force.  For 
filled-hole  laminates,  clamping  pressure  may  decrease  the  tensile  strength  of  the  notched 
laminates  which  are  prone  to  fiber-matrix  splitting  and  delaminations. 


6 


ANALYTICAL  MODEL 


A  failure  mechanism-based  progressive  damage  analysis  was  postulated  for  analyzing  the  tension 
failure  of  filled-hole  laminates  and  bolted  composite  joints.  The  schematic  description  of  the 
analysis  is  described  in  figure  27. 

The  progressive  failure  model  used  in  the  study  consists  of  two  parts:  failure  criteria  for 
predicting  accumulated  damage  and  mode  of  failure  in  composites  and  the  material  degradation 
models  for  estimating  the  effective  properties  of  the  laminates  which  contain  a  known  state  of 
damage.  The  five  in-plane  failure  criteria  which  were  proposed  by  Shahid  and  Chang  [24,  25] 
were  adopted  in  the  study  for  predicting  five  corresponding  failure  modes  in  laminates,  namely, 
fiber  tension,  matrix  cracking,  fiber  compression,  matrix  compression,  and  fiber-matrix  shearing. 
These  can  be  stated  in  equation  form  as 


Fiber  Tension 

IV 

a,  >  0 

Fiber  Compression 

(tr- 

<T,  <  0 

Fiber-MatrixShearing 

C,  >  0 

Matrix  Compression 

Cj  <  0 

Matrix  Tension 

>  1 

a,  >  0 

where  ([)  is  the  matrix  crack  density. 

Oj  and  (Tj  are  the  in-plane  normal  stresses  parallel  and  normal  to  the  fiber  direction  of  the  ply 
under  consideration  in  a  laminate,  respectively,  and  is  the  in-plane  shear  stress  of  the  ply.  X* 
and  Xc  are  the  tensile  and  compressive  strengths  of  the  ply  along  the  fiber  direction,  respectively. 
Yt^(<t>)>  Yc^  and  S^(<1))  are  the  transverse  tensile  strength,  transverse  compressive  strength,  and  the 
shear  strength  of  the  ply  under  consideration  in  a  laminate.  <|)  is  the  crack  density  of  the  ply. 

It  is  important  to  point  out  that  both  Yt^((j))  and  S^((l))  are  not  constants  and  may  vary  from  ply 
to  ply  in  the  laminate  and  depend  upon  the  crack  density.  The  distributions  of  Yt^((l))  and  S^(<|>) 
as  a  function  of  <])  can  significantly  affect  the  prediction  of  the  accumulation  of  matrix  cracks  for  a 
given  stress  state.  The  values  of  Yt^((|))  and  S^((t))  can  be  estimated  from  fracture  mechanics  and 
the  theory  of  elasticity  [24,  25].  The  compressive  strength  Xc  is  determined  from  a  compressive 
test  of  a  [0/90]s  laminate  along  the  0-degree  fiber  direction  [20]. 
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Once  damage  is  predicted  from  any  one  of  the  criteria,  material  properties  of  the  ply  will  be 
degraded  according  to  the  mode  of  failure.  The  description  of  the  material  degradation  models  for 
each  mode  of  failure  will  not  be  presented  here  in  this  report,  but  will  be  summarized  in  the  final 
report.  No  delamination  was  considered  in  the  present  model  and  no  attention  has  been  paid  to 
specifically  model  the  fiber-matrix  splitting  near  the  hole  edge,  both  of  which  will  be  taken  into 
consideration  in  the  continuing  development  of  the  analytical  model. 

A  mesh  generator  was  developed  to  produce  a  three-dimensional  finite  element  mesh  for  the 
laminates  with  and  without  side  supports.  A  typical  mesh  used  in  the  calculations  is  presented 
in  figure  28. 

The  commercial  finite  element  code  ABAQUS  was  used  to  calculate  the  stresses  and  strains 
inside  the  laminates.  A  three-dimensional  composite  brick  element  was  used  in  ABAQUS.  Slip- 
contact  conditions  were  strictly  reinforced  between  the  washers  and  composite  plates  and 
between  the  bolt  and  the  hole  boundary  of  the  laminates.  An  interface  module  was  developed  to 
integrate  the  damage  module  with  ABAQUS.  From  input  data  such  as  loading,  geometry,  lay-up, 
and  material  properties  of  the  laminates,  ABAQUS  will  calculate  the  load-deflection  response, 
the  extent  of  damage,  and  the  failure  load,  in  addition  to  stresses  and  strains  for  a  given  state  of 
stresses.  Damage  visualization  is  also  part  of  the  output. 

To  verify  the  code,  comparisons  were  made  between  the  data  available  in  the  literature  as  well  as 
those  that  generated  from  the  current  experiments  and  the  predictions  from  the  code.  Figure  29 
shows  the  comparison  of  stress  and  crack  density  distribution  as  a  function  of  the  applied  strain 
between  the  data  and  the  prediction.  The  predictions  agreed  with  the  test  data  veiy  well.  The 
crack  density  data  were  taken  from  Kistner  et  al.  [26], 

Using  the  model,  numerical  simulations  of  the  test  results  that  were  conducted  during  this 
investigation  were  generated.  Only  selected  results  from  the  comparisons  are  presented  in  this 
report,  and  the  remaining  results  of  the  comparisons  will  be  provided  in  the  final  report.  Overall, 
the  results  of  the  predictions  agreed  very  well  with  the  laminates  which  are  not  prone  to 
delamination  and  matrix  splitting.  However,  for  the  laminates  which  are  prone  to  fiber-matrix 
splitting  and  delamination,  the  predictions  in  general  underestimated  the  failure  loads  as  shown  in 
figure  30.  For  the  washer-to-hole  diameter  ratio  at  2.0,  the  predictions  agreed  with  the  data  quite 
well,  because  the  extent  of  the  fiber-matrix  splitting  was  found  to  be  minimal  from  the 
radiographs  in  the  experiments  due  to  the  lateral  constraining  effect.  Figure  31  also  shows  a 
snapshot  of  the  predicted  damage  accumulation  in  a  laminate  at  a  given  amount  of  the  applied 
load  and  the  predicted  load-deflection  curve  of  the  laminate. 

Based  on  the  simulations,  it  is  clear  that  the  proposed  model  could  provide  reasonable  accuracy 
in  the  estimation  of  the  failure  load  and  the  response  of  laminates  which  are  not  prone  to  matrix 
splitting.  However,  the  model  would  underestimate  the  failure  load  by  as  much  as  15%  for  the 
laminates  which  are  prone  to  fiber-matrix  splitting,  unless  the  fiber-matrix  splitting  is  suppressed 
by  the  lateral  constraints  in  the  laminates. 
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CONCLUDING  REMARKS 


Based  on  the  studies,  the  following  remarks  can  be  made: 

1.  Tensile  strength  of  filled-hole  composite  laminates  which  are  not  prone  to  fiber-matrix 
splitting  and  delamination  is  insensitive  to  the  bolt  clamp-up  effect. 

2.  Tensile  strength  of  filled-hole  composite  laminates  which  are  prone  to  fiber-matrix 
splitting  and  delamination  is  sensitive  to  the  bolt  clamp-up  effect. 

3.  Higher  clamping  pressure  may  decrease  the  tensile  strength  of  filled-hole  laminates  which 
are  prone  to  fiber-matrix  splitting  and  delaminations. 

4.  A  washer-to-hole  diameter  ratio  (Dw/D)  of  two  has  the  most  negative  effect  on  the  tensile 
strength  of  filled-hole  laminates. 

5.  Effect  of  fiber-matrix  splitting  may  be  more  important  than  delamination  for  the  increase 
or  reduction  in  the  tensile  strength  of  filled-hole  laminates. 

6.  The  behavior  of  bolted  joints  that  failed  in  a  net-tension  mode  can  be  quite  different  from 
that  of  filled-hole  laminates  under  a  uniaxial  tensile  load. 

7.  Unlike  filled-hole  laminates,  bolted  joints  can  benefit  from  bolt  clamp-up,  even  if  the 
laminates  are  prone  to  fiber-matrix  splitting  and  delamination,  as  the  mode  of  failure  can 
be  shifted  from  bearing  to  net-tension. 

8.  For  a  Dw/D  ratio  less  than  3,  the  clamp-up  load  has  the  most  positive  effect  on  joint 
strength. 

Experimental  work  is  being  continued  to  study  the  clamp-up  effects  on  different  material 
systems.  Analytical  work  has  also  been  performed  to  develop  a  model  to  simulate  the  response 
of  both  filled-hole  laminates  and  bolted  composite  joints  which  are  characterized  by  fiber 
splitting  and  delaminations.  Additional  numerical  results  and  test  data  on  different  material 
systems  will  be  summarized  and  presented  in  the  final  report. 
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Net-Tenrioa  Strength  (ksi) 


Specimen 


Front  View  Side  View 

FIGURE  3.  GEOMETRIES  OF  THE  BOLTED-JOINT  TEST  SETUP 
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Laminate  Configuration  (T800H/3900-2) 


FIGURE  4.  COMPARISON  OF  NET-TENSION  STRENGTH  BETWEEN  OPEN-  AND 

FILLED-HOLE  LAMINATES 


Group  1,  Laminate  D 
lay-Up:[(t45yO/9(V)2]s 


a  b  c  d  s 

a,b:  Open>Hole Tension ;  c,d,e:  FiUod -Hole Tension,  !>v^2,  FingerUgfat 

FIGURE  5.  DAMAGE  PATTERN  OF  THE  NET-TENSION  FAILURE  OF  DAMAGE- 

RESISTANT  LAMINATES 


Group  2,  Laminate  G 

Lay-Up:  [45/0/0/-45/(0/90/)2]s  (%±45-%0=-25%) 


Open  Hole  Tension 


FIGURE  6.  DAMAGE  PATTERN  OF  NET-TENSION  FAILURE  OF  DAMAGE-PRONE 

LAMINATE 
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abed  e  i 

a,b,c:  FiUed-Hole,  Dw/I>=2,  3000  lbs  Clamp-Up;  d,e,f:  Open-Hole  Tension 


FIGURE  7.  DAMAGE  PATTERN  OF  NET-TENSION  FAILURE  OF  DAMAGE-PRONE 

LAMINATE 


FiberBreakage  Delamination  Fiber-Matrix 

Matrix  Cracking  Splitting 

GROUP  1  GROUP  2 

FIGURE  8.  TYPICAL  TENSILE  FAILURE  MODES  IN  COMPOSITE  LAMINATES 

CONTAINING  A  CIRCULAR  HOLE 


16 


FIGURE  9.  NOTCH  STRENGTH  REDUCTION  DUE  TO  THE  INSERTION  OF  A 

TIGHTENED  BOLT 
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FIGURE  10.  EFFECT  OF  CLAMPING  PRESSURE  ON  TENSILE  STRENGTH  OF 

FILLED-HOLE  LAMINATES 
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[90/08/90]  [90/06/90] 

FIGURE  1 1 .  RADIOGRAPHS  OF  DAMAGED  [90/08/90]  AND  [90/06/90]  LAMINATES 


Clamp-Up  Effect 


200 


Clamping  Force  (lbs) 


FIGURE  12.  EFFECT  OF  CLAMPING  FORCE  ON  TENSILE  STRENGTH  OF 

FILLED-HOLE  LAMINATES 


Li7-Up:  [(45/n/D/-45/D/0/90/0/0/90)ls 


5M  lbs  562  lbs  1500  lbs  1500  lbs  3000  lbs  MOO  lbs 
Clamp -Up  Clamp -Up  Clamp -Up  Qamp-Up  Clamp -Up  Clamp -Up 


Filled-Hole  Tension;  Dw/D  =  2,  Stainless  Steel  Washer 

HGURE  13.  RADIOGRAPHS  OF  FILLED-HOLE  SPECIMENS  AT  VARIOUS 

CLAMPING  LOADS 
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FIGURE  14.  EFFECT  OF  IMPLANTED  DELAMINATION  ON  TENSILE  STRENGTH  OF 

OPEN-  AND  FILLED-HOLE  LAMINATES 
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Normalized  Strength  Ratio 
(Filled-Hole  Strength  /  Open-Hole  Strength) 


Washer  Size  (Dw/D) 

FIGURE  15.  EFFECT  OF  WASHER  SIZE  ON  NOTCH  STRENGTH  OF 
FILLED-HOLE  LAMINATES  SUBJECTED  TO  CONSTANT  CLAMPING  LOAD 
(NOTE;  WASHER  SIZE  1  CORRESPONDS  TO  OPEN  HOLE) 


Washer  Size  (Dw/D) 

FIGURE  16.  EFFECT  OF  WASHER  SIZE  ON  NOTCH  STRENGTH  OF  FILLED-HOLE 
LAMINATES  (CONSTANT  CLAMPING  LOAD) 
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4  to  2 

Washer  Size  (Dw/D) 


FIGURE  17.  EFFECT  OF  WASHER  SIZE  ON  NOTCH  STRENGTH  OF  FILLED-HOLE 

LAMINATES 


Washo*  Size  (Dw/D) 


FIGURE  18.  EFFECT  OF  WASHER  SIZE  ON  NOTCH  STRENGTH  OF  FILLED-HOLE 
LAMINATES  (DIFFERENT  CONSTANT  CLAMPING  PRESSURES) 
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FIGURE  19.  SCHEMATIC  OF  THE  TEST  SETUP  FOR  MEASURING  FRICTION 
COEFFICIENT  BETWEEN  A  COMPOSITE  PLATE  AND  A  WASHER 


200r 


T800H/3900-2 

[(45/D/90/-45)2]s 


v:  Iriction  Coefficient 


Dw/D=3,  Stainless  Steel 


Open  Hole 


500 


D:-0.1 


V:-0.36 


1500 


Clanging  Force  (Ebs) 


FIGURE  20.  EFFECT  OF  FRICTION  ON  THE  FILLED-HOLE  TENSILE  STRENGTH 

T800H/3900-2  [(45/0/90/-45)2]s 
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Appied  Load  Qbs) 


Qam  ping  Force  (lbs) 


FIGURE  21.  EFFECT  OF  FRICTION  ON  THE  FILLED-HOLE  TENSILE  STRENGTH 

T800H/3900-2  [(0/90)4]s 

4000 


2000 


Displacement  (in) 

Note:  Except  for  pin  and  W/D,  Dw/D  =  2.0  specimens  all  other  specimens  failed  in  net  tension  at  maximum  load 
FIGURE  22.  THE  LOAD-DEFLECTION  RESPONSES  OF  BOLTED  COMPOSITE  JOINTS 


23 


Displacement  (in) 


FIGURE  23.  THE  DEFINITION  OF  FAILURE  LOADS  IN  BOLTED  COMPOSITE  JOINTS 


Washer  Size 


FIGURE  24.  EFFECT  OF  WASHER  SIZE  ON  THE  STRENGTH  OF  BOLTED 
COMPOSITE  JOINTS  FAILED  IN  A  NET-TENSION  MODE 
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Normalized  T^ad  fiatio 
(Bearing  Load  /  Piu- Joint  Load) 


Washer  Size  (Dw/D) 


FIGURE  25.  EFFECT  OF  WASHER  SIZE  ON  THE  FAILURE  LOAD  OF  BOLTED 

COMPOSITE  JOINTS 


FIGURE  26.  RADIOGRAPHS  OF  BOLTED  [45/0/0/-45/0/90/0/90]s  COMPOSITE  JOINTS 

IN  THE  NET-TENSION  FAILURE  MODE 


25 


COMPOSITE  LAMINATES 


INPUT  LOAD 


FIGURE  27.  THE  SCHEMATIC  OF  THE  PROGRESSIVE  FAILURE  MODELING  USED  IN 

THE  STUDY 


FIGURE  28.  A  TYPICAL  FINITE  ELEMENT  MESH  USED  IN  THE  CALCULATIONS 
(Only  a  quarter  of  the  specimen  was  modeled  due  to  symmetry) 
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27 


FIGURE  31.  (LEFT)  THE  PREDICTED  DAMAGE  ACCUMULATION  IN  A  LAMINATE 
AT  THE  GIVEN  LOAD,  (RIGHT)  THE  PREDICTED  LOAD-DEFLECTION 

CURVE  FOR  THE  LAMINATE 
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Material:  TORAY  T800H/3900-2  Prepreg 
Test  temperature:  Room  Temperature 
Hole  Geometry:  [>30.25  in 
Washer:  Stainless  Steel 


APPENDIX  A— EILLED-HOLE  TENSTION  TEST  DATA 
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FILLED-HOLE  TENSION  TEST  DATA 
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Material;  TORAY  T800H/3900-2  Prepreg 

Test  temperature:  Room  Temperature 

Hole  Geometry:  0=0.25  in 

Washer:  Stainless  Steel 

CP:  Clamping  Presure;  CF:  Clamping  Force 
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Material:  TORAY  T800H/3900-2  Prepreg 
Test  temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in 


5  <0  K  N  s  O  S  o  <0  s  S  ^  K  <0  « 


r-  CM  r- 


0)T-o>o 


3  T-  CM 


O  CM 

0)0>'»C4  W^S^®'>-'<irCM®o>OOo5o>^ 


0>  GO  U> 
h-  O) 

CM  CM  ^ 


O  M-  CO  ^  CO 

^  00  CO  GO 


^  ^  O  T- 

O  w 

^  CM  CM 


X<D<0’7^  OOtDCM'  ^CMCDCO^^,  CMOOCO'"^ 
—  COCO^^  |^hs.CO^^00lOO)'^^T-T-O>®® 
^Tfcowto  C0inC3>^^0)C0<D00^OC0I^CMC0 

(0  Loioint- 


^  -2  ® 
To  o  o 
^  ^  sz 

Li-  (D  (D 
O  a.  Q. 
o  o 


CM 

CM 

CM 

CM 

CM 

CM 

-M* 

XT 

"M* 

-C 

O) 

C3) 

C3> 

i- 

i- 

i- 

o 

O 

o 

o 

O 

o 

CD 

(D 

in 

in 

in 

O) 

O) 

O) 

c 

c 

c 

Ll 

lZ 

X 

o  o  o 
o  o  o 
lo  in  lo 


<01^  ::: 
—•loo 


CO  «  CO 

FT  hT 

o  o  o 
o>  o>  o> 


CO  CO  CO 
h-  h- 

o"  o'  o' 
o>  0>  O) 


o  o  o 
o>  o>  o> 


o  ^  CM 

CD  X  X 

a  O  O 

CO 


**-  CM  CO  ^  >! 

Ill  o  Oi 

t  t  t  »C1 


o  o  o 

CM  CM  CM 

5  5  5 

CO  CO  CO 


o  o  o 
o  o  o 
in  in  in 
O  O  O 


mmm  ^  ^  x 

^  Q  Q  Q 
E  eg  CM  CM 

•2  5  5  5 

®  CO  (O  CO 


w  w  w  w  II 

o>  O  in  in  in  o)Q 

<0  JZ  JZ  JZ  ^ 

I-  .  O  O  O  1-  .  O) 

c 

>cCiOO>c  a> 

<C0CMCMCM<C0  i: 

5  5  5  5  S 

CO  CO  CO 


A-23 


Strength=Load/Net  Area 
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Material:  TORAY  T800H/3900-2  Prepreg 
Test  temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in 
Washer:  Composite 
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FILLED-HOLE  TENSION  TEST  DATA 
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StrengthsLoad/Gross  Area 
Strength=Load/Net  Area 
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Average  7965  75.94  101.37 

Stand.  Dev. _ 509 _ 4.45 _ 5.76 


Material;  TORAY  T800H/3900-2  Prepreg 
Test  temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in 
Washer:  Stainless  Steel 
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FILLED-HOLE  TENSION  TEST  DATA 
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Material:  TORAY  T800H/3900-2  Prepreg 
Test  temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in 
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SW8C1500-2  [(45/0/0/-45/0/90)]s  1500  6  8  15292  126.07  151.33 

SW8C1500-3  [(45/0/0/-45/0/90)]s  1500  6  8  14700  121.07  145.31 

Average.  14964  123.33  148.03 

Stand.  Dev, _ _ _ 3  01 _ 2.54  3.05 


Material:  TORAY  T800H/3900-2  Prepreg 
Test  temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in 
Washer:  Stainless  Steel 
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Strength=Load/NET  Area 


FILLED-HOLE  TENSION  TEST  DATA 
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SW2C1500-3  [45/0/0/-45/0/0/90]s  1500  6  2  15170  112.03  134.66 

Average  15607  1  14.85  138.05 

Stand.  Dev.  _ 1330 _ 8.99 _ 10.80 

SW3C1500-1  [45/0/0/-45/0/0/90]s  1500  6  3  >19562  >143.60  >172.39 
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SW8C3000-1  [45/0/0/-45/0/0/90/0/0/90]s  3000  4  8  >19276  >149  >200 

SW8C3000-2  (45/0/0/-45/0/0/90/0/0/90]s  3000  4  8  >19584  >149  >200 

Average  >19430  >149  >200 

Stand.  Dev. _ 218 _ 0.18  0.29 
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Material:  TORAY  T800H/3900-2  Prepreg 


APPENDIX  B— DOUBLE-LAP  BOLTED  JOINT  TEST  DATA 
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BW3-1  [45/0/0/-45/90/0/90/0]s  1500  3  3820  144,32 

BW3-2  [45/0/0/-45/90/0/90/0]s  1500  3  3982  150,58 

Average  3901  147.45 

Stand.  Dev. _ _ _ _ _ 115 _ 4.4  3 


Material:  TORAY  T800H/3900-2  Prepreg 
Test  Temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in;  W/D=2.5:  E/D=3 
Washer:  Stainless  Steel 
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Material:  TORAY  T800H/3900-2  Prepreg 
Test  Temperature:  Room  Temperature 
Hole  Geometry:  D=0.25  in;  W/D=8;  E/D=6 
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BW8-1  [45/0/0/-45/90/0/90/0]s  1500  8  5437  205.59 

BW8-2  [45/0/0/-45/90/0/90/0]s  1500  8  5293  200.15 

BW8-3  [45/0/0/*45/90/0/90/0]s  1500  8  5310  200.79 

Average  5347  202.18 

Stand.  Dev. _  _ 7  9  2.97 


